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A METHOD FOR PREDICTING IGNITION
ENERQY REQTTREMENTS OF PRACTICAL
PROPELLANT SuswEMS, PART III - ROCKETS

Prepared by:

GEORQE -J. BRYAN
and
EVAN K. LAWRENCE

Approved by: EVAN C, NGONAN, Chief ,
Physical Chemistry Division

/

ABSTRAC”:\’Baaic ignition infermation was applied in
correlating ignition data from 53 rockets of World War 1I and
later gintage, ranging in area exposed to ignition products from
145 e¢m< to 320,000 ecm€. The dominant factor in settin,; ignition
energy requirements for rockets was found to be, as for guns,
the product of the area exposed to the ignition system products
and the 1gnition energy per unit area of prope’ant.

The equations developed have relatively few variables, but
a precision adequate for predicting ignition energy requirements
in practlcal rocket ignition aystems. Use of these equations in

the design of efficlent ignition systems 1s discussed. =

CHEMISTRY RESEARCH DEPARTMENT
U, S. NAVAL ORDNANCE LABORATORY -
White Oak, Silver .pring, Maryland
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A scientific basis 1s desirable for designing ignition systems
in order to reduce cost and effort asscciated with trial and
error methods. This report provides a logical technique for
designing rocket igniters. Attention of the engineer is called
to Appendix VIII where a sample calculaticn is made. It 18
recommended that this method be tested in designing experimental
bignition systems., This work was supported by Task NO 506/925/
56015/01040,

MELL A. PETERSON
Captain, USN
Commander

P

775 % ,
ALBERT LIG DY
By direction
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NOMENCLATURE

Total area exposed to products of ignition system, cm?
Area of inhibited curved surface of grain, cm@

Area of inhliblted ends of  -ain, cm?

Area of convergent sectlon of nozzle, em@

Port area; the free cross-sectional area in the
rocket motor avallable for gas [{low, cm? :

Area of burning surface of grair, cm2

Nouzle throat area, cm@

Diameter of propellant charge (1n guns), cm

Inner diameter of rocket chamber, cm

Outer diameter of grain, cm '

Nozzle throat diameter, cm

Largest diameter of nozzle cor..ergent section, cm
Throat-to-port area ratio, dimensionless

Internal area ratio, equal to burning surface/port area,
dimensionless - ‘ '

Nozzle area ratio, equal to burning surface/throat area,
dimensionless

Length from midplane cof vented section of primer to end
of charrze (in guns), cm

Length of straight section of chamber, cm
Length of grain, cm . »
Number of inhibited ends of grain, dimensionless
Perimeter of burning surface of grain, cm

Total energy supplled for 1gn1tion,'ca1

Experimental ignition energy per unit area of propellant
(based on three millisecond {gnition interval), cal/cm

Ignition energg per unit area supprlied by rocket ignition
system, cal/cm '

Correlation coefficient, dimensionless
Standard error of estimate, dimensionless
Free volum? in loaded chamber or cartridge case of gun

iv
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A METHOD FOR PREDICTING IGNITION
ENERGY REQUIREMENTS OF PRACTICAL
PROPELLANT SYSTEMS, PART III - ROCKETS

I. INTRODUCTION

- In an attempt to develop a relation for predicting ignition
energy requlrements in practical systems, a correlating ecuation
was developed for guns (1,2), using data from service-accepted
rounds. The dominant correlating factor was the product of the
total area exposed tc the products of the ignition system and
the ignition energy requirements per unit area of propellant.
Three secondary factors were discovered: two involving the
geometry of the round, and cne, the degree of confinement of the
ignition composition, )

The correlation studies have been further extended to in-
clude rocket ignition systems. This paper presents the results
obtained by analysis of data from service-accepted and advanced
developmental rockets. A brief summary of this work has already
been reported (2).

II., SCOPE

The principal rocket data (sez Table I) are from 53 service-
accepted or advanced developmental units varying in area exposed
to ignition products, A, from 145 cm2 to 320,000 cm@. These
Include only those of World War II and later vintage. Literature
references used in obtainling the necessary data are given in
Tables JI and III,

The rocket propeilants were elther double-base, or composite
containing ammonium perchlorate or potassium perchlorate oxidlzer,

Ignition and sustainer compositions used in these rockets
(see Table II) included black powder, double-base propellant,
seven different pyrotechnic compositions, and an ammonium-
perchlorate-polysulfide rubber composite propellant,

Grain designs included the following:

1. Internal burning - Trese comprised about one-half of all
graln designs considered, and were either case-bonded, or in-
hibited on the outside surface and obturated. The burning
surface of these grains was in the form of a single cylindrical
perforation, a single cylindrical perforation with slots, or a
star, helical, conical, cruciform, or multi-perforated design.

1
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2. External-internal burning (hollow cylinder) - Abcut
one-third of all grain desizns had this geometry.

3. Internal burning shell with external-internal burning
tube or external burning rod,

L, Crueiform.

5. End-burning (cigarette-burning).

III. TREATMENT OF DATA
A. Ignition Erergy Supplied by Ignition Composition

The total energy, *Q, liberated by the ‘ignition composition
1s equal to tnie heat of explcsion times the welght of the
mixture, '

Table II 1lists the procedures and literature references
used in finding the heatsof explosion, numerical values of the
heats o explosion, and the composition of the various ignition
mixtures. '

In Table III the irmition mixtures used in the varicus
rockets are given. The same references listed as pertaining to
propellant and metal part dimensions supplled information on the
weights of the ignitior compositions. '

B, 1lgnition Energy of Propellant (q,)

Ignition energies experimentally determined in a locked-
stroke compressor for a three millisecond ignition interval are
given in Ref, 22 fcr representative propellant formulations.
These values were used to estimate the ignition energy of a given
propellant elther by taking the ignition energy to be equal to
that for the nearest chemically similar tormulation, or by inter-
polating between the values for two chemically similar conmposi-

tions,

Calculation of Area (A) Expecsed to Products of Iznition
System

c

area exposed to heat transfer {rom the products

The total
tion system 18 composed of the followiny areas:

)T the 1gnt
1. Burning surface cf propellant graln,
2. Inhibited surface of propellant grain,

2
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3, -Metal Chamber.
4, Nozzle: Convergling section of ruuzle.

5. Miscellaneous metal parts other than 3 and 4, such -8
propellant supports, and trap plate.

6. Igniter assembly (neglected).

Calculation of these areas is detailed under the separate
subheadings., Literature references used to supply the L.oressary
information {or the calculations are presented in Table III.

The relative importance of the different areas exposed to
1gnition products varled according to the charge design, For
&l) internal-burning srains, not case-bonded; ? ') external-
internal burning grains; and (3) rod-and-shell type, the sum of
the burning surface area plus the area of the straight section
of the case plus the inhibited curved surface area of the pro-
pellant {zero for \2/) was 86 to 98% of the total area, A, with
most values over 90%,

With case-bonded gzrains, where the products of ignition
cannot travel betwcen the case and the grain, the significant
area was the burning surface, which made up 85 to 98% of the
total area.

For cigarette-burning grains, the burning surface was a
small percentaze of the total area and the areas of the curved
inhibited surface of the graln and the straight portion of the
case were important., For the two cases treated in this report
these surraces constituted about 80% ot the total area,.

With the cruciform grain design the largest areas were ti.e
burning surface, straight portion of the case, and the inhibited
area. In two British rockets (16) these areas were : 7% of the
total. In the "Tiny Tim," (8). having a charge consisting of
four cruciform grains, the area of the supporting partitions
was important, and the sum of the above areas was 64% of the
total.

Burning Surface of Propellant Grain (Ag)

The burning surface was calculated by one of the Pollowinb
procedures:

1, Given: nozzle throat diameter and KN, where
KN = As/At = burning surtace area/nozzle throat area. Nozzle
throat area, Ay, was calculated, Ag was computed from

3 :
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17d

AS = KNAy

2. Burning perimeter, P, was calculated from a scale or
dimensioned drawins., Burning surface was calculated Irom

Ag = PL,

where Lé = grain length
Uninhiblted end areés must be added}
.3, Burning surface arez was ziven,
Methbd 1 was used in most of the calculations.

Area of Inhibited Surface of Propellant

Inhibited surface area, for purposes of calculation, could
be divided into three parts: (1) inhibited end surfaces of the
grain; (2) inhibited area on the curved surface of tie grain;
and (%) other ‘nhibited areas such as strips of inhibitor on
cruclform grains : '

1., Inhibited End Area (Aie)° Except l'or cigzarette-burning

grains, ] >
Aie = (fﬂ'/u)Dc - ’A‘p)Nie

where
D. = inner diameter of chamber

A = port area; the free cross-sectional area in
the rocket motor available for gas flow
(see Section III-D for calculaticn of Ap)

Nie = number of inhibited ends = two per grain,vexcept
for cigarette-burning grains, where Nia = 1,

In the case of internal-burning, non-case-bonded grains,
the above expression gives slightly high values of A, since
the port area does not include the area of the annulus between
the case and the inhibited outer surface of the propellant grain,

For a cigarette-burning grain,
2
hyg =(T/4)Dg°
where

D? = diameter of grain,

=

4 ‘
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2. Inhibited Area on Curved ourface of Grain (Aics).
The followings methods were used:

_ a. If the graln was internal-burnings and inhibited on
the outside,
Aics = TngLg

b. I the grailn was case-bonded,
"Ryes = 0

3, Other Inhibited Areas. These were evaluated from
dimensions which were given, or in one case, the area of in-
hibltor strips on a cruciform grain was estimated by dividing
tne inhibltor welght by the product of the thickness and density
0! the inhibitor.

Chamber v

1, Head End. The area of this section was approximated
by(V/N)D 2. Tnhis did not cause aﬁprcciable error, since the
nighest value of this term was 6 % of the total area.

2. Stralght Section., This area was equal to

-

where

LC = the length o! the straight section of the chamber,
Nozzle

The nozzle area exposed to the products of the igznition
system was approximated and included only the convergent section.
The half angle of the inlet cone was assumed to be 45 degrees,
Since the nozzle areas evaluated were only 0.4 to 7% of A, wit.
an average value equal to 2.8% of A, errors from this source

should be small,

For rockets with one nozzle the largest diameter of the
converging section,considering it to be a conical frustrum,was
taken equal to the chamber diameter. This gave

o =(r/8)(0%-DB) | 1111 (D 2-D,2)
sin 45°

where

Apes = area of converging section of nozzle,

Dt a diame+er of nozzle throat.

5
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In a multi-nozzled rocket, the largest diameter of the con-
verging section (D,g) was used, rather than the chamber diameter,
s0 that for one nozzle

' 2.1 2
= 1,111 (Dca -D¢ )
(Multi-nczzled rocket)

Ancs

Miscellaneous Metal Parts

These have been neglected in most cases, except where the
area of the grain supports was important, It 1s helileved that
no errors greater than 10% have been introduced as a result.

The area of the propellant trap 18 approximately one-half
the cross-sectional area of the chamber or(v/B)D 2, By neglect-

ing this area an error :of about 0.5 to 2% 1in A is introduced.
D, Calculation of Port Area

Port aresz, Ap, was evaluated as follows:

1. f Aty and J were glven, hp was calculated from

where
J = throat-to-port area ratlo.

2. J was calculated from

J = Kp/Ky
where
KI = internal area ratio = burning surface/port area

- Ky = burning surface/throat area

3., The end-grain area was calculated {rom a scale or
dimensioned drawing. Other areas such as metal supports were
calculated. The above areas were subtracted from(v/M)D
(the cross-sectional area of the case).

4, Port area was computed directly from a scale or
dimensioned drawing.

5. For a cigarette-burning grain, the "port area" for the
purposes of comgutig the secondary correlating factor was set
equal to (r/4XD, % This gave better results than using the

6
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the actuali port area,(v/h)Dca,'when the inert cylindrical areas
werelincluded. This type of grain-merits further study.

IV. CORRELATION TECHNIQUES

Preliminary plotting of Q vs. Aq, indicaled that Aq., was a
strong correlating factor (this proved to be the dominznt fac.or
as shown by Eq. 3). In order to determine secondary correlating
factors, various parameters were chosen which seemed reasonatle
based on physical considerations. If a plot of qr/qc V8. &
particular parameter showed some correlation, as Jjudged by eye,
the parameter was known to be a correlating factor.

Standard least-square techniques were used to derive the
correlating equations, Scatter of the data points was evaluated
by computing the standard error of estimate and ccrrelation
coefficlent,

V. RESULTS

The logical first step was to test the dominance of Ag, in
determining the ignition energy requirements !or rockets, since
this prcduct had been found dominant for guns (1,2). Pigure 1
shows a plot of Q versus Ag, {(log-log). A least squares analysis
of this data ylelded

Q = 26.5 (Aq)0* %7 | (1)
r = 0.954
Sy =10.259 - ¥ log 1.82
Cleariy, ch ls_an impcrtant correlating factor,

Lg/ﬂ Ap and A/ﬁpLg, which are analogous to the secondary
factors found ~ui Tuns, were tested as secondary factors. No
correlation was found for the firat of these, but a falrly good
correlation was ootained with A/A_L.. Other factors were tried.
The best correlation round thus far was the ratio of two per-
imeters - one corresponding to the total length of exposed
perimeter at a cross-section, and the other to the perimeter
which a circle would have if equal 1in area to the port area,
Using the port area perimeter in the numerator this ratio is

‘ L‘"’Ap/(A/Lg)

7
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Figure ¢ showe a log-log plot of qp/q. versus the perimeter
“ratio where qpr = Q/A. A least squares analysis ylelded

‘ap/ne = 56\Lg Vhmag /a)0 27 (2)
r = 0.58y

Sy = ¥ 0,210 = ¥ 1oz 1.62

Fizure 3 shows a log-loy; plot of & versus

Ang (Lgv uvAp/A )0'59

A least squares analysis of thi; plot yielded
Q= 38((Aqq)ix, VETR/M)OPTH (3)
r = 0,972

S, = 20.205 = ¥ log 1.60

5
From the above equations it can be clearly seen that Age 18
’ ggitggminant factor and \(HvAp/(A/Lg) is a secondary correlation

Analysis of experimental firings of rockets for upper and
lower 1limits to the ignition energy requirements has, as yet,
beern 1imited, Examination of data by Warren and Cronhardt {(20)
indicated that upper and lower limits could vary by a {actor of
two (in one case a factor of 4) with other variables constant.
Reference 23 gave an example in vhich the ignition system for
the "Tiny Tim" rocket was altered so that the iznition charge
could be reduced by a factor of five and still give satiasfactory
operation. Calculations were made on this rocket (Refeience 23
gave figures 1in grains that should have been grams (24))., The
large charge was at + 1.57 Sy from the preuicted charge and the
small charge was at -1.89 Sy. :

VI, DISCUSSION OF RESULTS
A, Correlation Studies

By combining basic ignition energy information with data on
53 rockets (service-accepted, advanced developmental, and a few
experimental ), an equation involving only a few variables has
been obtained for predicting ignition energy requirements of
practical rockets. Since the rockets included had internally

8
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exposed areas ranging from 145 to 320,000 cm® and include. a
variety of ignition system designs and ignitlion compounds (pyro-
technic, black powder and double-base), an assortment of nropel~
lant compositions and shapes, and a number of design sources,
the equ:  .on should be applicable tc a wide range of rockets.
Although this work is in an earlier stage than that for guns,
the precision obtained is comparable. ‘

The dominant factor in determining the ignition energy re-
quirements, as in the case of gun ignition systems (1,2), is Aq,
the product of total areaz exposed to the products of the ignition
system and the ignition energy requirements per unit area of
propellant, There 18 2 significant difference between rockets
and guns in the correlation of Q with Ag,. Generally qp/q, 18
higher than qgz/qc. Part of this difference is probably due to
using a q, for a three millisecond energy transfer time for both
guns and rockets, though ignition intervals for rockets average
considerably longer than for gunas, In add*tion, smaller ratiocs
of area to free volume, iower ignition pressures, and loss of
1gnition products through the nozzle (in some cases ) prevent
efriclent use of the energy in rccket ignition systems. There
1s some indication that the difference in ignition intervals may
be the largeat of these factors when nozzles are obturated during
ignition, All of these variables are interconnected, however,
and furtrer analysis may help to clarify their relative influence.

The secondary factor, nglurAp/A may be considered as a
measure of radiel complexity (inverse relaztionship). It is
related to Vy/A for guns, and both have a similar influence,
Differences in. radial complexity thus seem most iumportant in
rockets; whereas, differences in radial and differences in
longitudirs 1 complexity seem important in guna, Perhaps further
analysis will locate a more fundamental factor than the perimeter
ratio used, .

For a cigarette-burning grain Lg ﬂuvAp/A is not a measure
of radial complexity. An equivalent term should be ceveloped
to handle this case. Since only two cigarette-burning grains
have been considered out of a total of 5% rockets, the correla-
tions should not have been appreclably affected,

It 18 of interest that the accuracy of prediction of Q for
rockets (Judging by the correlation coefficient -..d standard
error of estimate) is approximately the same as for guns. For
guns, Sy = ¥ log 1.58 and r = 0.977. Likewise, the uncertainty
seems tg be largely due to the range of ignition energies which
will give satisfactory ignition plus the range in effectiveness
of the various i1igniter designs in delivering the energy. Calcu-
lations on the "Tiny Tim," for which the designers made

9
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considerable effort by bot des~ 'n and charge changes %¢ lower
the charge welght, showed ths -+ original charge was at

+°1.57 Sy and the final char,. "~ . -1.89 S, from the value pre-
dicted by Eq. 3. When thias is compared with the predicted upper
and lower limits of * 2 Sy, the results are striking. :

- The 1znition enerry enuation (Eg. 3) is probably applicable
to a greater diversity ol {snitlon compositions than the corres-
ponding equation ror guns, because a greater variety of izniter
compositions (black powder, pyrcotechnic mixtures, and double-
base powders) were includecd in the data from which the rocket
equation was derived.

The correlations can probably be Curther improved by con-
sllering the effect of heat-transfer rate, Calculations from
experimental data on M-2 propellant showed that ignition energy
requirements decreased zs heat flux increased (22). The rate of
cooling of the ignition products in the annular space between
the zrain and the case 1ls no doubt higher than in the grain per-
foration, and alliowance should be made for this. It would seem
an external-burning grailn should be treuated differently from an
externally inhihited and obturated one. 1In the first case the
external surface not only acts as a heat sink, but must also be
1gnited. In the second case, the gurface acts only as a heat
sink, and, depending on the location of the cbturation, 1ignition
may hava already occurred before this anmular volume is filled.

The characteristics of the 1gnition system such as dezree
of confinement of the ignition mixture (found to be important
for gun ignition systems) and the composition of the igniticn
mixture as 1t affects flame temperaziure and the solids/gas ratio
in the ignition products influence the rate of heat transfer and
should therefore be examined. Ignition delay time might alsc be
useful a3 a correlating parameter.

B, Application of Equations

Assume that all ignition systems will give satisfactory
ignition over a range of igniticn energiegs of two Ior a glven
weapon, The center line value predicted by Eq. 3 will then gilve
satisfactory results with all ignition systems which have lower
limits above -1.47 ¢, {av Q/2) and upper limits below + 1.47 S,
(at 2Q). If we make the additional assumption that the upper
and lower limits of 1ignition system: are distributed similarly
to the scatter in data, the centerline value would glve satis-
factory results with 86% of the ignition svstems used. We might
replace the second assumption by the more pessimistic one that
all data points were at the center of the possible range for the
zlven ignition system. The probabllity of getting satisfactdry

ignition with the predicted centerline value 1s then reduced to 54%.

10
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H1th the first pair of assumptions aoove, a satisfacuioly
cherge for 99% of the ignition systems could be obtained by a
*wo-trial method. PFirst a value of one standard error of
gtimate below the centerline value wculd be used ang, 1if
uusuccessful (should be successful or under-ignition), a value
one standard error of estimate above the centerline value would
be trled. This method would also give some overlap in the region
in which 1gniters have the highest probability of haviag an
operating range. Using the more pessimistic assumptions a
probability or 92% 1s still obtained.

Another method of approach (making no assumptions) would be
to use the predicted value and modify or change the igniter
until satisfactory operation was obtained., There would seem to
be a high probability of success for thia method by making
nodest changes in cenventional 1gn1tlon systems,

The problem might be to design as small an ignition system
as regssonably possible. In this case, a value about 23S below
the predicted centerline value would probatly provide a difficult
enough problem and =2 value 3 S, below would prodably give an
extremely difficult design proxlem.

YII. SUMMARY AND CONCLUSIONS

Basic ignition information has been applied to correlating
ignition data from a large number of rocikkets ranging in _area
exposed to ignition products from 145 cm? to 320,000 cm<.

Tne dominant correlating factor is Ag., the product of
total area exposed to the products of the iznition system and
the 1ignition energy requiremerits per unit area of propellanu.

The mecondary correlating factor is L@VﬂwA /A  which 1is

the ratio of the perimeter of a circle equal in areca to the port
area t0 thne total perimeter exposed at & cross-section,

The correlation (Eq. 3) 1s probebly applicable to a greater
diveraity of igniter composi“ion than the correlation for gun
ignition systems (1,2).

The correlation could probably he further improved by con-
sidering the effect of heat-transfer rate from the ignition
products to the propellant, considering such varlables as flame
temperature of the ignition mixture and gas/soltds ratio in the
1gnition products.

11
CONFIDENTIAL




CONFIDENTIAL
NAVORD Report 6134

The effect of the degree of confinement of the iznition
mixture (found to be important in guns) should be examined.

The relative welghting of the various areas exposed to the
ignition products needs further study, particularly in the case
of non-case bonded, internal-burning graina. The weighting of
the area of the annulu- between the grain and the case wall,
compared to the ares of the 4internal perforation, should es-

pecially be considered.

12
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VIII. APEENDIX

Sample Caloulation of Welight of Igniter Composition

The problem 18 to calculate the welght of igniter compoei-
tion required for the satisfactory ignition of a solid-propellant
rocket. The total energy required for ignition 1is given by

Eq. 3 as
0. )9 1.06

Q = 38 (Aqc(Lg uwAp/A] (A-1)
where

A = total area eaposed to products of igniter system, cm®

Ap = port aresa, cm2

Lg'- length of grain, cm

q, = Experimental ignition’euergy per unit area of pro-
pellant (based on_three millisecond ignition

interval), cal/cm
@ = Total energy supplied for ignitionm, cal
The welght of igniterbcomposition is found from
W = Q/41% ‘ (a-2)
wheré } '
AH = heat of explosion of igniter coﬁposition,‘cal
‘N = weight or igniter compcsition, gm

DATA

Constder an arbitrary rocket motor having the character-
istics shown below:* :
Dimensions of Metal Parts

Chamber:

Length, L. o » 52 in,

Inner diameter, D 5.50 1in,
Nozzle:

Throat diamater, Dy 1,375 in.

*The preagntation of dats here 18 similar to the form employed
in 13
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Propellant Data

‘Propellant designaticn = OGK :
Charge design Star-perforated (internal .
: burning)
Inhibitor lozation On outer diameter and ends
Propellant dimensions (including inhibitor):
Number of grains One
Length, Lg . . 51 in.
Diameter, Dg 5.45 1n,

‘Internal ballistics:

Initial burning surface/throat area,
KN 430
Port area/throat area, l/J . 2.5

CALCULATION OF AREA(A) EXPOSED TQ PRODUCTS OF IGNITION SYSTEM

A = Ap.g * Ag f Ajcg * R4 * chamber areas (A-3)

A = area of convergent secticn of ndzzle

Ag = erea of burning surface of propellant grain
Afog = ?rea of inhibited curved surface of grain
A = area vf inhibited cnds‘of graln

Chamber areas = area of stralght section of c¢iiamber plus
area of head end.

‘Nozzle throat area, At = E(Dt) . (a-4)
-(r/4) (1.375)% = 1.485 1n”
Ancs ™ (l.lll)(Dc2-Dt2) (see section IIT-C . _. (A-5)
derivatioa)
Apes ™ (1-111)[(5¥50)2 < (1-}75)2] = 31,51 1n°
AB a KNAt ‘ ‘ ' (A*G)
Ag = (430)(1.485) = 636.6 1n°
14
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Ricg = TDgLg ' (A-7)

Aigg = (m)(5.45) (51) = 813.2 in®

Port area, Ap = Ay/J v | . (~-8)
Ap = (1.485)(2.5) = 3.713 1n®

Mo 2 [r/8)0067) - 4y ] Mg (-5)
where

Nye = number of inhibited ends = 2
Ae = Bvr/lt)(s.‘io)2 - 3.713] La]
o~

Ae 40,09 1n2

Equation A-Q was used for convenience in the compilation of
some of the data in this report., It is correct for an internal-
external burning grain, and 1s a8 good approximation in this case
(internal-turning grain), since the clearance between the in-
hibited grain and the chamber wall is small,

Chamber Areas

1. The head-end area 1s approximatedbby ‘
| (m/4){Dg)? = (1/4)(5.50)2 = 25.76 1n? (A-10)
2. The area of the stralight section is
™.l = {7)(5.50)(52) = 898.5 1n® ' (A-11)

Total Area, A

From Eq. A-3,

A = 31,51 + 638.6 + 873.2 + 40,00 + 23.76 + 898.5

A = 2506 in®

A = (2506 1n2)(6.452 cm@/in?)
A = 16,170 em®

15
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SECONDARY CORRELATION FACTOR, LEQJMWAP/A
L VETAG/A = (51) ¥ (47)(5.715)/2506

= (51)V 146.66/2u7h

= (51)(6.831)/2506

.Lg\fuwAp/A = 0.1390 (dimensionless)

TOTAL ENERGY REQUIREMENT, Q

7, for OGK = 0;361 cal/cm? from Ref. 22
Using Eq. A-1 (Eq. 3), |
Q = 38 "'_(16,170)(0.361) (0.1390) 0.5
. 38f(16,170)(6036L2(0.3122)11'06
L - .
- 38 (1822)1-06
= (38)(2859)
Q = 109,000 cal

9] 1.06

Q can also be found from Fig. 3. The abﬁclssa.is
(rae) | eV TRpra) > |
- (16,170)(0.361)(0.1390)°-??
- 1822 | '
From Fig. 3,
Q = 109,000 cal

WEIGHT OF IGNITER COMPOSITION, W

Theoretical weight
From Eq. A-2,
W = leQ,OOOAQH

16
CONFIDENTIAL




CONFIDENTIAL
HAVORD Report 5134
If black powder is used in the igniter,
AH = 698,.8 cal/gm

and' .
W = 109,000/698.8
| W o= 156 gm
This theoretical value of W, based on the value of Q gilven
by Eq. A-1 (Eq. 3), 1s estimated to give satisfactory results
with 55% to 87% of all igniticn systems, depencing on the
assumptions made (see Section VII{.

Two-Trial Procedure

As discussed in Section VII, a two-trial procedure can be
used, where a value of Q one standard error of estimate below
the theoretica’ value is used, and if unsuccessful (under—ignition),
‘a value one standard error of estimate above the theoretical value
13 tried. A satisfactory charge for as many as 99% of all
ignition systems should be found in this way.

The standard error of estimate, Sy, for Eq. A-1 (Eq. 3) 1is
log 1.60, Thus the lower value of W td be tried would be

156/1.60 = 97.5 gm

If this were unéucceszul, the upper value would be tried, equal
to _ ‘ ‘
(156)(1.60) = 250 gm
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TABLE II1l
SOURCES OF DATA

Literature Reierances
Used to Obtain

‘ Ignition Mixture Prop-:1llant and
Rocket /1 Number /2 ifetal Part Dimensions
1 1 18
2 1 18
p) 1 16
A 2 {19}
5 1 Re!
6 1 20
| 1 (z0
o) p 20)
9 8 8{
10 5 (5%
11 1 18g
12 1 18
13 1 , 8)
14 1 ‘ 18;
15 1 18
16 1 3
17 10 | 165,
1€ 10 16)
19 1 8;
20 1 8
el 1 8)
22 1 21
23 1 18
2h 10 16
25 10 16
26 10 16§
27 1 . 2l
28 1,9 8
29 1 8
30 1 (8
3 1,6 &
Je " 8
33 4 8
34 3 8
35 1 8)
2
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TABLE III (Cont.)
SOURCES OF DATA

Literature References
Used to Obtain
} Ignition Mixture Fropellant and
Rocket /1 Number /2 Metal Part Dimensions
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The tabulated numbers reter to the rockets listed in
Table I,

>

Zee Table II,

N
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